Abstract: (-)-Epicatechin-3-gallate (ECG) is a polyphenolic compound similar to (-)-epigallocatechin-3-gallate (EGCG) which is abundant in green tea. Numerous workers have proposed that EGCG protects epidermal cells against UVB-induced damage. However, little has been known about whether ECG protects keratinocytes against UVB-induced damage. We decided to investigate the protective effects and underlying mechanisms of ECG on UVB-induced damage. Cell viability was determined by the MTT assay. Activation of ERK1/2, p38 and JNK was analyzed by Western blotting. Intracellular H 2 O 2 production and DNA content was analyzed by flow cytometry. Lipid peroxidation was assayed by colorimetry. In our study, we found that ECG dose-dependently attenuated UVB-induced keratinocyte death. Moreover, ECG markedly inhibited UVB-induced cell membrane lipid peroxidation and H 2 O 2 generation in keratinocytes, suggesting that ECG can act as a free radical scavenger when keratinocytes were photodamaged. In parallel, H 2 O 2 -induced the activation of ERK1/2, p38 and JNK in keratinocytes could be inhibited by ECG. UVB-induced pre-G 1 arrest leading to apoptotic changes of keratinocytes were blocked by ECG. Taken together, we provide here evidence that ECG protects keratinocytes from Molecules 2007, 12 1846 UVB-induced photodamage and H 2 O 2 -induced oxidative stress, possibly through inhibition of the activation of ERK1/2, p38 and JNK and/or scavenging of free radicals.
Results and Discussion

ECG inhibits UVB-induced keratinocyte death
To clarify the protective effect of ECG, HaCaT keratinocytes were pretreated with different concentrations of ECG and exposed to UVB. A UVB dose at 50mJ/cm 2 was used in this study because it caused about 40~50% decrease of cell viability, as determined by the MTT assay. After a further incubation for 24 h in the presence or absence of ECG, cell viability was measured by this assay. We found that ECG dose-dependently reversed UVB-induced cell death. (Figure 1 ), ECG at 1 μM is sufficient to exert its inhibitory effect. The effect was not due to ECG's proliferative activity because ECG alone did not affect the cell viability [24] . The result suggests that ECG prevents human keratinocytes from UVB-induced damage. Our laboratory has shown that ECG also prevents UVA-induced keratinocyte death [24] . However, it appears that ECG exerted a pronounced inhibitory effect on UVB-induced keratinocyte death at the same tested concentrations, suggesting its differential effects on UV irradiation-induced cell damage.
Figure 1. ECG inhibition of UVB irradiation-induced keratinocyte death.
Results are expressed as percentage of control and are mean ± SE (n=4). * P < 0.05 vs. UVB-exposed cells without ECG treatment
ECG inhibits lipid peroxidation (LPO) by UVB irradiation
The hallmarks of UVB-induced oxidative damage are the oxidation of biomacromolecules like lipids. As cell death is strongly associated with lipid peroxidation (LPO) of cell membranes, we assessed whether ECG affected LPO of keratinocytes. Human HaCaT keratinocytes were pretreated with ECG for 2 h and then exposed to UVB irradiation. This exposure increased LPO, as compared to non-UVB-exposed control cells. Treatment of keratinocytes with ECG (1, 10 and 100 μM) obviously inhibited UVB-induced LPO in keratinocytes (Figure 2 ). Lipid peroxidation was detemined by measuring MDA content in cell lysates, as described in experimental section and the results were expressed as MDA per total proteins (n=5). * P < 0.01 vs. UVB-exposed cells without ECG treatment.
LPO is highly detrimental to cell membrane structure and function, and its elevated levels have been linked to damaging effects such as loss of fluidity, inactivation of membrane enzymes, increased cell membrane permeability to ions, and finally rupture of cell membrane leading to release of cell organelles [25] [26] [27] . Thus, a strong inhibition of LPO by ECG would result in reduction of the risk factors associated with UVB radiation.
ECG inhibits UVB-induced H 2 O 2 generation in keratinocytes
Hydrogen peroxide is generated in cultured human skin cells during UVB irradiation [17, 28] . We therefore suspected that ECG affected UVB-induced intracellular H 2 O 2 production. To further elucidate the possible action mechanisms of ECG in inhibiting UVB-induced keratinocyte death and lipid peroxidation, we measured intracellular H 2 O 2 in keratinocytes by using dihydrorhodamine 123. The dye has been shown to react with H 2 O 2 in the presence of peroxidase and is extensively used as a probe for the detection of intracellular H 2 O 2 [17, 29] . As previously reported [17] , in our system, flow cytometric analysis showed that mean fluorescence, i.e. H 2 O 2 production, was increased in UVB-treated cells than in control untreated cells (Figure 3 , panels A and B). However, the increase of intracellular H 2 O 2 was inhibited by the treatment of ECG in a concentration-dependent manner (Figure 3 panels C, D, E and F), indicating that ECG has a potent scavenging activity towards H 2 O 2 . Taken together, our present and previous data reveal that ECG can prevent both UVA and UVB-induced intracellular H 2 O 2 production in human keratinocytes.
ECG inhibits UVB-induced ERK1/2, JNK andp38 activation
It has been shown that various signaling pathways are activated during or after UV exposure. For example, UV irradiation leads to the activation of MAPKs, including ERK1/2, JNK, and p38 [17, 30] . We next examined ECG's effect on UVB-induced MAPKs phosphorylation. As shown in Figure 4 , JNK, ERK1/2 and p38 phosphorylation increased at 30 min after UVB irradiation in keratinocytes. However, the activation of ERK1/2, JNK and p38 was reduced by treatment of ECG ( Figure 4 , upper panels). The decrease of phosphorylation of ERK1/2, JNK and p38 was not due to uneven loading because expression of each total protein was about the same (lower panels). Interestingly, it was found that JNK activation induced by UVB irradiation was inhibited by low and higher concentrations of ECG, whereas ERK1/2 and p38 activation was only affected by ECG at 100 μM. Taken together, the results showed that ECG can inhibit UVB irradiation-induced JNK, ERK1/2 and p38 activation in human keratinocytes. Control and UVB-irradiated keratinocytes treated with PBS or ECG were collected and lysed. Cell lysates were subjected to be analyzed by Western blotting. All results shown above are the representatives from three to four independent experiments.ECG inhibits8 H 2 O 2 -induced ERK1/2, JNK andp38 activation It has been reported that H 2 O 2 is required for UVB-induced activation of the EGF receptor and downstream signaling pathway(s) [28] . Moreover, several studies demonstrated that H 2 O 2 treatment induces phosphorylation of MAPKs in keratinocytes [17] , suggesting that it causes an oxidative stress on skin cells. We next tested if ECG affects H 2 O 2 -induced signaling in keratinocytes. It was also found that JNK activation induced by H 2 O 2 treatment was inhibited by low and higher concentrations of ECG, whereas ERK1/2 and p38 activation was only affected by ECG at 100 μM. (Figure 5 ).
Exposure of solar UV radiation results in an increased generation of ROS that overwhelms the antioxidant defense mechanisms of skin. This condition of disequilibrium is defined as ''oxidative stress''. Thus, intervention of antioxidative agents is expected to exhibit a protective effect on the skin photoaging. In this study we found that ECG possesses a strong inhibitory effect on UVB-induced H 2 O 2 production and 10 μM of ECG is sufficient to exert its inhibitory effect (Figure 3 ). Moreover, ECG inhibited H 2 O 2 -induced MAPKs activation. It has been shown that UVB-induced ROS formation is responsible for the activation of MAPKs [28] . Therefore, exogenous H 2 O 2 may directly activate MAPKs signaling pathway through penetrate cell membrane. If ECG inhibits UVB-induced H 2 O 2 production through a direct scavenging of intracellular H 2 O 2 , ECG may have relatively strong anti-oxidant activity on exogenous H 2 O 2 , which is a large amount (200 μM) in our study. The antioxidant activity was also observed on that ECG could prevent keratinocytes from hypoxanthine-xanthine oxidase-induced damage, which was previously demonstrated by our lab [24] . UV radiation induces the release of ROS, which has been implicated in cutaneous aging as well as in skin cancer and various cutaneous inflammatory disorders [31] . Transcription of many genes is mediated by the sequential activation of cytoplasmic protein kinases, and the MAP kinase plays a major role in triggering and coordinating these gene responses [32] . Peus et al. [29;33] have shown the activation and regulation of MAPKs, namely ERK1/2, JNK, and p38, in normal human epidermal keratinocytes following exposure to UVB radiation. It is suggested that a transient activation of ERK1/2 is responsible for proliferation and differentiation [34] and stimulation of JNK and p38 can mediate differentiation, inflammatory responses and cell death [34] [35] [36] [37] . Therefore MAP kinase signaling cascades are important targets in cells [38] [39] [40] . Our study provides evidence showing that ECG can inhibit both UVB-induced and H 2 O 2 -induced phosphorylation of ERK1/2, p38 and JNK. However, ECG seems to differentially inhibit on UVB-and H 2 O 2 -induced MAPKs (Figures 4 and 5) . JNK activation induced by UVB irradiation and H 2 O 2 treatment were inhibited by low and higher concentrations of ECG, whereas ERK1/2 and p38 activation were only affected by ECG at 100 μM. These results indicate that the inhibition of JNK by ECG may be predominant to reverse UVB-induced cell death. On the other hand, ECG's inhibitory effect on ERK activation suggests that it possesses relatively weak antiproliferative activity.
Figure 6. Effect of ECG on UVB-induced changes in DNA content in keratinocytes.
Human keratinocytes treated with PBS or ECG for 2h and were then incubated at 
Effect of ECG on DNA content in human keratinocytes
Since the induction of apoptosis by UVB irradiation may be mediated through cell cycle regulation of, we next examined by flow cytometry the effect of ECG on cell cycle perturbation. As shown in Figures 6A and B, DNA content was not changed in basal and ECG-treated cells. However, UVB irradiation resulted in an appreciable arrest in pre-G 1 phase and a peculiar pre-G 1 peak in DNA content, causing 21% of increase of a fractional DNA content in pre-G 1 phase ( Figure 6C ). Cells treated with ECG at 10 and 100 μM before UVB irradiation resulted in a decrease of apoptotic DNA oligonucleosomic strand-breaks to 15 % and 6 %, respectively ( Figures 6D and 6E) . The mechanism of ECG against UVB-induced apoptosis and cell cycle deregulation may be caused by the inhibition of intracellular ERK1/2, JNK and p38 phosporylation.
Conclusions
In conclusion, the data presented in this study demonstrate that ECG can protect keratinocytes against UVB-induced damage by inhibiting intracellular H 2 O 2 generation, lipid peroxidation and MAPKs activation. This is the first time that mechanisms of action of ECG against UVB damage in keratinocytes has been demonstrated. ECG appears to act on keratinocytes similarly to another galloylcatechin, EGCG, in protecting UVB-induced damage. However, in addition to its anti-UVB-induced ability, ECG also elicited an inhibitory effect on H 2 O 2 -induced MAPKs activation, suggesting ECG not only protects keratinocytes from UVB-but also possibly H 2 O 2 -induced damage. In view of structure, our data also suggest that the catechins with a galloyl ring structure, including ECG and EGCG, possess bioactivities that can prevent skin photoaging.
Experimental
Materials
ECG, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), aprotinin, leupeptin, phenylmethylsulfonyl fluoride (PMSF), sodium fluoride (NaF) sodium orthovanadate and propidium iodide were purchased from Sigma Chemical Co. (St Louis, MO). Antibodies raised against p38 and p-JNK were from Cell Signalling Technology (Beverly, MA). Antibodies raised against JNK, ERK1/2 and p-p38 were from R&D System, Inc. (Minneapolis, MN) . Antibodies raised against p-ERK1/2 were from Santa Cruz Biotechnology (Santa Cruz, CA). Dihydrorhodamine 123 (DHR 123) was from Molecular Probes (Eugene, OR).
Cell Culture
Spontaneously immortalized human keratinocyte cell line (HaCaT cells) were a gift from Dr. Nan-Lin Wu at HsinChu Mackay Memorial Hospital. They were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (GibcoBRL, UK), 100 units/mL penicillin, and 100 μg/mL streptomycin (Sigma-Aldrish, UK). The cells were cultured in a humidified incubator at 37°C and 5% CO 2 .
Drug treatment and UVB irradiation
Cell reaching a 90%~95% of confluency were starved and synchronized in serum-free DMEM for 24 h before ECG pretreatment and UVB irradiation. Keratinocytes cultured on 1.5-cm or 3.5-cm culture dishes (Costar, NY) were pretreated with various concentrations of ECG for 2 h. After two washes with DMEM, cells were then incubated with 1 or 2 mL of phosphate-buffered saline (PBS). UVB irradiation was performed immediately as suggested by the manufacturer. Briefly, cells were irradiated in a VL Bio-Sun system illuminator (Vilber Lourmat, France) with a UV peak at 312 nm. UVB was supplied by a closely spaced array of two UVB lamps, which delivered uniform irradiation at a distance of 10-cm. UVB irradiation doses were 50 mJ/cm 2 . After UVB exposure, cells were fed with fresh DMEM containing various concentrations of ECG and then incubated for an additional 24 h. Cell viability was determined by MTT assay [24] (see below).
Cell viability assay (MTT assay)
Briefly, MTT (0.5 mg/mL in DMEM) was used for the quantification of living metabolically active cells. Mitochondrial dehydrogenases metabolized MTT to a purple formazan dye, which is measured photometrically at 550 nm. Cell viability is proportional to the absorbance measured. Otherwise where indicated, cell viability was calculated as the percentage of control.
Lipid peroxidation assay
Cells were collected and resuspended in cold PBS. Cell homogenate was prepared with the homogenizer. After centrifugation, the supernatant was removed and malondialdehyde (MDA), a terminal product of lipid peroxidation (LPO), was measured to estimate the extent of lipid peroxidation. The levels of MDA were determined by addition of thiobarbituric acid (TBA). Briefly, supernatant of each sample (0.15 mL) was mixed with 3% SDS, 0.1N HCl, 10% phosphtungstic acid and 0.7% TBA, and then incubated at 95°C for 45 min. After centrifugation at 3500 rpm for 10 min, the supernatant was removed and measured by a microplate by Wallac Victor 3 1420 multilabel counter (Perkin Elmer, Turku, Finland) using excitation and emission wavelength at 485 and 535 nm, respectively.
Flow cytometric analysis of intracellular H 2 O 2
Briefly, confluent keratinocytes starved with DMEM were pretreated with various concentrations of ECG for 2 h. Cells were washed with PBS and DMEM and then treated with dihydrorhodamine 123 (10 μg/mL) in DMEM for 30 mins. After a brief wash, cells were irradiated with UVB and then were collected by scraping and centrifugation. The cell pellets were resuspended in PBS (1 mL) and then analyzed immediately by flow cytometry (Partech GmBH, Munster, Germany) at excitation and emission wavelengths of 488 and 525 nm, respectively. Fluorescence signals of 10,000 cells were collected to calculate mean fluorescence intensity of a single cell.
Cell lysate preparation and Western blot analysis of ERK1/2, JNK and p38
Keratinocytes treated with or without UVB were washed twice with PBS. Cells were lysed in radioimmunoprecipitation assay buffer [17 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM EDTA. 1 mM sodium fluoride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM sodium orthovanadate, 1 mM PMSF and 1 μg/mL aprotinin and freshly prepared leupeptin]. After sonication, the lysate was centrifuged (14,000 g for 10 min at 4 °C), and supernatant was removed. The protein content was quantified by Pierce protein assay kit (Pierce, Rockford, IL). Total protein was separated by electrophoresis on 10% SDS-polyacrylamide gels (SDS-PAGE) and the proteins were electroblotted onto PVDF membranes and then probed using respective specific antibodies such as p-ERK1/2 (0.2 μg/mL), ERK1/2 (0.5 μg/ml), p-JNK, JNK, p-p38, p38. Immunoblots were detected by enhanced chemiluminescence (Chemiluminescence Reagent Plus from NEN, Boston, MA). For reprobing, the PVDF membrane was stripped at 60 o C for 30 min with a striping buffer (62.5 mM Tris-HCl, pH 6.7, 2% SDS and 100 mM β-mercaptoethanol) and probed with the indicated Abs.
Flow cytometric analysis of cell cycle
Cells were collected and fixed overnight in 70% ethanol at 4 °C. After centrifugation, cellular DNA was stained with PI-staining solution (100 μg/mL PI, 0.1% Triton-X, 1mM EDTA in PBS, 100 μg/mL DNase-free RNase). Cell-cycle determination was performed using a Partec CyFlow ML flow cytometer (Partech GmBH, Munster, Germany). Flow cytometric histograms were analyzed by defining borders between pre-G 1 , G 1 , S and G 2 +M from an asynchronous population and using these boundaries in analyses of the experimental samples.
Statistical analysis
Unless otherwise indicated, data were expressed as mean ± standard errors (SE). Comparison of means of two groups of data was made by using the unpaired, two-tailed Student t-test. All data are analyzed by SigmaPlot 2002 for Windows Version 8.0.
